Objective: To estimate the mortality in Denmark in patients suffering from GH deficiency (GHD). Design: Mortality was analyzed in 1794 GHD patients and 8014 controls matched on age and gender. All records in GHD patients were studied and additional morbidity noted. Patients were divided into childhood onset (CO) and adult onset (AO), discriminated by an age cutoff below or above 18 years at onset of GHD. Method: Data on death were identified in national registries. Sex-and cause-specific mortalities were identified in CO and AO GHD when compared with controls. Results: Mortality was increased in CO and AO GHD in both genders, when compared with controls. The hazard ratio (HR) for CO males was 8.3 (95% confidence interval (CI) 4.5-15.1) and for females 9.4 (CI 4.6-19.4). For AO males, HR was 1.9 (CI 1.7-2.2) and for females 3.4 (CI 2.9-4.0). We found a significantly higher HR in AO females versus AO males, both compared with controls (P!0.001). In AO, mortality was increased due to cancer in all subgroups, due to circulatory diseases in all age groups for females and for males in the oldest age group. For CO, the increased mortality was due to cancer. Conclusions: We found a significantly increased mortality in GHD patients when compared with controls, possibly due to their hypopituitary status. Mortality was increased in AO female patients when compared with males. For CO and AO GHD, different causes of significantly increased mortality were identified.
Introduction
Several studies examined mortality in hypopituitary patients and found an increased mortality when compared with the background population (1) (2) (3) (4) . Some hypothesize that the increased mortality is due to growth hormone (GH) deficiency (GHD; (1, 3) ), while others hypothesize that increased mortality is due to gonadotropin deficiency and lack of sex hormone substitution in female hypogonadism (4) . Excess mortality is caused by cardiovascular, cerebrovascular, and respiratory diseases, whereas the excess mortality caused by cancer is disputed. One study reported normal mortality in 289 GH-treated GHD patients and increased mortality in a relatively older group of 1411 hypopituitary patients, both compared with the background population (5) . An increased mortality in patients with pituitary adenomas was identified, especially due to cardiovascular deaths (6) .
A small study found decreased survival of patients with hereditary isolated GHD compared with unaffected siblings and a geographically and age-matched group (7) . Normal mortality was found in GHD children treated with human pituitary GH (hGH) during 1976-1992 (8) . Significantly increased cancer mortality was found in children and adolescents treated with hGH during 1959-1985 (9) . However, the number of cases was small and related to high-risk patients (9) . Hypopituitary patients comprise a heterogeneous group as regards underlying disease and its treatment, as well as the degree of hypopituitarism. Men and women may differ with respect to the cause of disease, and substitution with sex steroids and GH (10) .
In this nationwide study, we focused on mortality in patients suffering from GHD, a diagnosis verified by a thorough examination of individual records from patients with an increased risk of GHD. In addition, we investigated the impact of additional morbidity on the mortality of these patients. We used a combined approach of the study of all patient files at the local hospital, the construction of a matched control group, and subsequent extraction of data on mortality from the causes of death registry (CDR).
Subjects and methods
To identify all cases of possible GHD in Denmark, we used the unique Danish registries. Three registries identified the primary cohort: the Cancer Registry (CR), which registers patients in Danish hospitals with a cancer diagnosis; the National Patients Registry (NPR), which registers all in-patients, and since 1995 all out-patients; and the CDR, which registers causes of death in all deceased Danes.
In CR, we applied for the following topography: the pituitary gland, the ductus craniopharyngei and the pineal gland, and both benign and malignant morphology. In NPR, we searched for all hospital activities coded with one or more of 31 diagnoses, using International Classification of Diseases 8th edition (ICD-8) and ICD-10, with an increased risk of GHD. For details, see (11) . From CDR, we identified all cases with specific hypopituitary diagnoses. For all registries, the hospital in which the case was diagnosed was recorded with a code uniquely assigned to each hospital in Denmark. The cases from CR, NPR, and CDR all had an increased a priori risk of having GHD. To identify the patients with GHD, we visited all departments, including psychiatric wards, in Denmark where the CPR numbers had been registered. All departments with registrations gave permission to read the records.
Criteria for GHD diagnosis were chosen based on published guidelines (12, 13) with modifications (14-16); see Table 1 . If necessary, two or more departments were visited in order to find relevant and sufficient data about each case. All records were studied first at the hospitals with specialized departments (i.e. pediatric, neurosurgical, or endocrine departments), thereafter at hospitals without specialized departments. It is important to stress that the diagnosis of GHD was only applied when the clinical context was relevant. We identified 9131 possible GHD cases and verified the diagnosis of GHD by studying their individual records. In total, 2205 patients fulfilled our criteria of GHD.
In describing the cohort, the following dates are important: (1) date of onset represents the estimated date the patient became GH deficient; (2) date of sufficient information represents the date when the date of onset was notified in a record; (3) date of registration represents the first date when the patient is noted in any register and (4) for each patient, date of entry of GHD was defined as (1) the date of first registration in the registry or (2) the date of sufficient information, whichever came last. It is necessary to use the latest date since patients must be both registered to enter the primary cohort of possible cases, and the record must contain sufficient information to ensure a correct diagnosis of GHD. The entry date is considered as the incident date and does not necessarily represent a diagnosis at the hospital, since only some of the patients were formally tested for GHD at any department. The date of onset is not used for the calculation of start of risk time, and rather used to give a rough estimate of the difference between date of entry and date of onset, defined as 'delay'. Delay represents the period in which patients had GHD without contributing with follow-up time. The date of entry occurred during 1980-1999 in 1823 patients.
The patients were divided into four subgroups according to gender and age on the date of onset: childhood onset (CO; younger than 18 years) and adult onset (AO; 18 years or more). To describe the impact of age at entry on mortality, we divided patients with AO into four age groups: !45, 45-54, 55-64, and 65 years or more at entry.
To obtain controls, we used the Central Office of Civil Registration (OCR). Here, vital statistical information including birth, death, and emigration of Danish citizens is centralized using the unique Central Person Number. On August 6, 2004, OCR matched the 1823 patients with up to 5 controls each. The controls were matched on gender and age (month and year of birth), and were alive on the date of entry. For 29 patients, no controls were identified; they were omitted from all calculations. We received 8014 controls for 1794 patients. We received information from OCR about date of death, emigration, or loss of follow-up. For total mortality, we analyzed data on 1794 patients (644 deaths) and 8014 controls (1700 deaths). All were censored on August 6, 2004 or on date of exit, whichever came first.
The causes of death were identified in the CDR. CDR was established in 1970 and updated until December 31, 2001. Thus, no information on the cause-specific mortality is available after this date; hence, all persons were censored on December 31, 2001 or on date of exit, whichever came first, regardless of information on exit after this date. CDR used ICD-8 until 1993, hereafter ICD-10. We translated ICD-8 diagnoses to ICD-10. For causespecific mortality, data were available and analyzed on 1794 patients (565 deaths) and 8014 controls (1372 deaths). Cause-specific mortality hazard ratios (HR) were calculated for each of the 19 chapters in ICD-10, and one chapter for no code. The age-and gender-specific analyses were performed on chapters with at least 20 and 80 deaths for CO and AO respectively, corresponding to a hypothetical and relevant minimum of ten deaths in each stratum after division.
Deficiencies of the other pituitary axes were defined as follows: adrenocorticotropin (ACTH), an insufficient response to metyrapone or synacthen; thyrotropin (TSH), blood sample combined with a clinical decision of deficiency; follicle-stimulating hormone/luteinizing hormone (FSH/LH), blood sample combined with a clinical decision of deficiency or a clinical definition of deficiency; and vasopressin (anti-diuretic hormone, ADH), a positive thirst test or clinical suspicion of deficiency combined with successful medical treatment for more than 3 months. The patients were defined as deficient on the relevant axis if one of the above was deficient at any stage, or they were substituted on the axis. The study was approved by the Danish Data Protection Agency, the Research Ethics Committee, and Doctors' Counsel in the Danish National Board of Health.
Statistical analysis
The characteristics of the patients with CO and AO GHD were compared using the c 2 -test. Kaplan-Meier survival estimates were constructed from entry until exit from the cohort, with log-rank analysis. HRs were calculated using Cox regression analysis with stratification, using each GHD patient and the matched controls as a stratum. Thus, comparisons were adjusted for gender, age, and calendar time. Changes in mortality with changes in age were analyzed using Cox regression applying age at entry as a linear variable. Cause-specific mortality HRs were calculated for each of the 20 chapters. Risk time started on the date of entry in all analyses apart from the analysis on GH-treated patients. Here, risk time started the date GH therapy was initiated. Mortality in the patient cohort was analyzed using Cox regression stratified by age at entry (5-year intervals). All results are shown with 95% confidence intervals (CIs). P!0.05 was considered significant. We made no formal corrections for multiple comparisons. 
Results

Patients
Characteristics of the patients are given in Table 2 . Approximately 30% CO and 20% AO GHD patients were irradiated. The distribution of irradiation, surgery, additional deficits, chemotherapy, and GH treatment were significantly different in CO patients when compared with AO patients. Significantly more hypogonadal AO males were substituted with sex steroids when compared with females (all !55 years of age at entry). More than 90% of patients with ACTH-, ADH-, and/or TSH-deficiency were substituted on the relevant axis.
For the following analyses, it is important to note that mortality data are compared with controls, unless specified differently.
Total mortality
We identified a significantly increased mortality in CO and AO GHD for both genders (Table 3 ). There was no difference in mortality between males and females in CO GHD (PZ0.83), whereas in AO GHD, the hazard in females was significantly higher than in males (P! 0.001). Survival is shown in Fig. 1 ; 50% survival was 15.8 (CI 14.8-18.4) years after entry for AO males and Table 2 Characteristics of the patients with growth hormone deficiency (GHD). Patients were divided into childhood-and adult-onset GHD, discriminated by an age cutoff below or above 18 years at onset. Onset is when the patients became GHD, entry is when follow-up begins, and delay is the difference between entry and onset. Potential follow-up is calculated as follow-up without any exits before censoring at the end of the study. Factual follow-up includes exits and emigrations in the calculation.
Childhood-onset males
Childhood-onset females 
Age-specific mortality
For both the genders, we found a significantly increased hazard in all age groups (Fig. 2) , and it was significantly higher in females when compared with males. HR significantly decreased with increasing age in both males (P!0.05) and females (P!0.001). Table 3 Total mortality in patients with growth hormone deficiency (GHD), compared with controls and within the patient cohort. Patients were divided by gender and into childhood-and adult-onset GHD, discriminated by an age cutoff below or above 18 years at onset.
Hazard ratio
Childhood onset Adult onset GHD males versus controls a 8.3 (4.5-15.1) 1.9 (1.7-2.2) GHD females versus controls a 9.4 (4. 6-19.4) 3.4 (2.9-4.0) b GHD females versus males 1.0 (0.6-1.8) 1.1 (0.9-1.3) a Mortality in childhood onset compared with adult onset is significantly higher (P!0.05). b Mortality in females versus controls is significantly higher than in males (P!0.001).
Controls
Years after entry Cause-specific mortality Table 4 shows HR for CO and AO GHD divided into 19 chapters as defined in ICD-10 and one chapter for unknown registration. HR was significantly increased for cancer among CO GHD. Divided by gender, this HR was 31.1 (CI 9.2-104.4) for males and 11.7 (CI 4.1-33.2) for females. Among AO GHD, HR was increased for cancer, endocrine diseases, circulatory system, digestive system, in the unspecific group of symptoms and signs not elsewhere classified, and in trauma. We divided data according to gender and into four age groups according to age at entry ( Table 5 ). Mortality from circulatory diseases in males was significantly higher in the older age group, increasing insignificantly with increasing age (PZ0.13), whereas HR for females was significantly elevated in all age groups and decreasing significantly with increasing age (P!0.05). In the two youngest age groups, females had significantly higher HR when compared with males (P!0.05), whereas there was no statistical difference in the 55-64 years (PZ0.07) and 65C years (PZ0.13) groups. We divided the circulatory mortality into cerebrovascular and cardiovascular mortality ( Table 5 ). Table 5 Hazard ratios for males and females with adult-onset growth hormone deficiency (GHD) compared with the background population, divided into the chapters which had more than 80 deaths and were significantly increased in In both of these and in cancer, we identified a significantly increased mortality for both genders and all age groups in AO GHD. For both genders, cancer mortality decreased with increasing age (P!0.05). Mortality from endocrine diseases was significantly increased for both genders in the two oldest age groups.
Gender-specific analysis
To identify a possible impact of gender on the causespecific mortality, all chapters were analyzed comparing male and female AO GHD patients. In this analysis, controls were not included. Female patients had a significantly increased mortality in endocrine (HR 2.2 (1.3-3.9)) and digestive diseases (HR 5.4 (1.5-19.4)); in all other chapters, no significant difference was identified.
Subgroup analysis
Analyzing only the CO GHD patients, mortality was significantly increased in craniopharyngeoma (9 deaths/48 patients) when compared with idiopathic GHD (0 deaths/54 patients), but not with all other CO patients (48 deaths/438 patients; HR 1.8, CI 0.8-3.9). Due to very few informative cases, we were not able to analyze the impact of GH treatment. We excluded all patients with a malignant or possibly malignant cause of GHD; hereby, the number of deaths due to cancer was reduced from 43 to 7 in patients and from 11 to 9 in controls. However, the mortality in cancer was still significantly increased. We identified total mortality in all AO patients ever treated with GH. Mortality was comparable with controls for males (HR 1.1 (0.6-2.0)), but elevated for females (HR 3.3 (1.3-8.2)). Mortality was calculated in all patients with a malignant or possibly malignant cause of GHD, here the HR was 7.7 (4.2-14.2) for males and 22.7 (8.7-59.5) for females.
Cause-specific mortality was calculated for three different subgroups: excluding all patients with a malignant or possibly malignant cause of GHD and craniopharyngeoma; excluding all patients with former acromegaly or Cushing's syndrome; and excluding all patients who received irradiation as well as their controls. All calculations were repeated corresponding to Table 4 (data not shown). All significant HRs remained significantly elevated, including the HR for cancer.
Discussion
The main result from the present study is the overall increased mortality in GHD patients when compared with age-and gender-matched controls, present in all four subgroups and all age groups among AO GHD. Furthermore, female patients had a significantly increased total mortality when compared with males in all age groups. In addition, patients with CO GHD had a significantly increased mortality when compared with patients with AO GHD. The increased mortality was mainly due to cancer in CO GHD and cancer and circulatory diseases in AO GHD.
AO GHD female patients had a significantly increased total mortality when compared with male patients. The course of risk of mortality was strikingly different between females and males, as seen in the Kaplan-Meier plots. We found an increased mortality in male patients within 3-4 years after entry when compared with their controls; thereafter, the curves showed a parallel course. This corresponded to a normal mortality among male patients, provided that they were alive 3-4 years after entry. In females, the two curves are diverging throughout the observation period. This implies that the relative mortality in female patients is perpetually increasing, but not that the absolute mortality is necessarily increased in comparison with male patients. We hypothesize that the divergent course of mortality may be due to loss of the normally positive effect of female gender on mortality, which may be especially prevalent early in life. It is important to keep in mind that a significantly higher percentage of AO males when compared with females (both !55 years of age at entry) were substituted on the sex hormone axis, and this may explain the increased total as well as the increased circulatory mortality among AO female patients. This perspective may also be relevant in relation to the gender-related differences identified in endocrine diseases. The increased mortality in females is found in other chronic diseases such as type 2 diabetes mellitus (17) . The finding merits further investigation.
Among patients with CO GHD, cancer was the most important cause of death. The increased HRs remained significant after exclusion of high-risk patients. The number of deaths due to cancer was reduced in patients (from 34 to 7) and controls (from 11 to 9), when excluding possibly malignant causes of GHD, indicating that the malignancy per se causes the increased mortality in cancer. This is comparable with earlier findings of an increased mortality from recurrence of tumors in children in general (18) , and with increased cancer mortality in children treated with recombinant hGH (9) . However, it must be appreciated that these findings are based on rather different populations of patients. To our knowledge, our data are the only ones focusing on the entire population of children with GHD. In a sub-analysis, we could not discern any impact of isolated GHD on mortality in CO patients. However, it must be appreciated that the possible consequences of isolated GHD in a child theoretically take decades to develop, thus an eventual difference may only be identified years from now.
The majority of deaths in AO GHD were due to cancer or circulatory causes. Regarding cancer, the increased mortality is in accordance with the previous findings in hypopituitary patients (2, 19) and, here, was also found after exclusion of patients with malignant cancer prior to the GHD diagnosis. We described a skewed distribution of the causal disease in this cohort, with significantly more males than females having a diagnosis of non-functioning adenoma or other adenomas. An increased incidence of neoplasias has been described among males, but not among females diagnosed with non-functioning adenomas when compared with the background population (20) . Although the two studies are not directly comparable, there is little reason to believe that the skewed distribution explained the differences in mortality. We also identified an increased mortality due to circulatory diseases, corroborating some earlier data (1, 3, 4) , whereas one study showed a significant reduction of circulatory mortality in females and a normal mortality in males (21) . The latter finding was explained by a relatively lower percentage of irradiated patients when compared with the other studies. However, in the present study, the percentage of patients receiving irradiation was even lower; therefore, we hypothesize that the increased circulatory mortality was a direct consequence of abnormal cardiovascular status in these patients. As mentioned previously, a significantly higher percentage of AO males compared with females (both !55 years of age at entry) were substituted on the sex hormone axis, which may explain the increased mortality due to circulatory diseases among AO female patients. Interestingly, in patients over 55 years of age at entry, the HR for circulatory diseases was not statistically different in females when compared with males. It is important to stress that the highly increased HRs in the younger age groups of females when compared with males with AO GHD in circulatory diseases could not explain the increased overall mortality in females when compared with males as these calculations were based on very few deaths. In the background population, circulatory mortality is increasing with age, and it could be speculated that the relative lack of GH and sex hormones in the elder background population explained the findings of increased circulatory deaths. This phenomenon was accentuated among males with GHD as an (insignificantly) increasing HR with age was found, whereas for females a significant decrease was found. Interestingly, mortality was not significantly increased in GH-substituted AO males. However, in this analysis, the number of patients is limited, and no considerations are taken as to all other clinical characteristics of these patients. Generally, the interpretation of the present data, especially of strata containing a limited number of deaths, with wide CIs, should be made with caution.
We have thus identified a highly increased mortality in GHD patients. The present study does not explain whether the increased mortality in GHD was due to the causal disease, the treatment thereof, the treatment or lack of treatment of the hormonal disturbances, or possible differences in lifestyle following GHD. Therefore, a conclusion on the impact of GHD per se on mortality is not feasible. However, there is little doubt that the primary cause of GHD, for instance cancer or Cushing's disease (22) , irradiation (23) , and the hypopituitarism with deficits per se, increases the mortality rate. However, it is important to stress that we found an increased mortality even after exclusion of highrisk patients with malignant diseases, acromegaly, Cushing's syndrome, and craniopharyngeoma.
We included patients with a formal diagnosis of GHD as well as patients without GH-stimulation tests. This was necessary because the definition of GHD and the inclination to perform a GH-stimulation test have changed with time. Nevertheless, all patients have a highly increased risk of GHD and are considered representative of a 'true' GHD cohort. It is important to emphasize that we present data on mortality in GHD patients regardless of substitution with GH or sex steroids unless specified differently.
The merits of the present study are the relative magnitude and completeness. We consider the distinctions in onset of disease, i.e. CO versus AO, relevant and important, as found in other studies (24) . This is the first nationwide study undertaken to analyze mortality in GHD patients, identifying patients at university hospitals as well as peripheral hospitals. The matching of the patients and controls ensures results where changes in mortality both over time and with increasing age are accounted for. Furthermore, CDR is a register with a high validity; data are almost complete and derived from various sources (25) . Recently, a study evaluated the completeness and validity concerning childhood CNS tumors (26) . Completeness was 98-99%, and 5% of diagnoses were outside the main diagnostic groups.
In conclusion, in this population-based study we found a significantly increased mortality in GHD patients when compared with controls matched for age and gender, possibly due to their hypopituitarism. We found an increased mortality in AO females in total and in all age groups when compared with males. Both genders with CO GHD had an increased HR in cancer. In AO GHD, the main cause-specific findings were a significantly increased HR due to cancer and circulatory diseases. Whether GH supplementation or optimized substitution of other axes can modify the increased mortality remains to be clarified.
